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Phonon Polariton Behavior

Synchrotron infrared nanospectroscopy (SINS) uses an atomic force microscope (AFM) tip to
concentrate infrared (IR) light onto a sample. Here, the sample is hexagonal boron nitride (hBN) of

thickness d on a substrate of silicon dioxide (SiO,).

In acrystal, collective excitations can
be treated as if they are quasiparticles.
For example, an excited electron and its
associated hole are an exciton; oscillations
of conduction electrons in a metal are
plasmons; and different modes of lattice
vibrations are phonons. Furthermore,
when such excitations interact strongly
with photons, a new form of quasiparticle
emerges: the “polariton.” The ability to
excite and control polaritons in two-
dimensional materials is enticing because
it offers the prospect of sidestepping the
diffraction limit and manipulating light at
subwavelength scales for nanophotonics
applications. At the ALS, researchers have
used synchrotron infrared nanospectros-
copy (SINS) to study the behavior of
phonon polaritons in ultrathin crystals of
hexagonal boron nitride (hBN). The results
pave the way towards engineering infra-
red-light photonic nanodevices and expand
our understanding of polariton behavior in
low-dimensional nanomaterials.

SINS s a revolutionary infrared (IR)
technique developed at ALS Beamline 5.4
by a collaboration between the University
of Colorado at Boulder and the ALS. In this
technique, IR light is focused onto the
metal tip of an atomic force microscope.
As it scans over the sample, the tip acts
as an antenna, directing the light onto a
tiny region of the sample (the near field),
generating polaritons. Polariton waves
propagate outward until reflected from
the sample edge. The back-reflected waves
interfere with the excitation field at the tip,
modifying the amplitude and the phase
of the tip-scattered near field, which is
then detected for spatial and spectral
imaging. With a spatial resolutionup to a
thousand times better than conventional
Fourier- transform infrared (FTIR) spectro-
microscopy, SINS enables the investigation
of nanoscale phenomena in soft matter,
even under ambient and environmental
conditions that are essentially inaccessible
by other techniques.

Nanofocusing Light

The march of technology toward
miniaturization is so relentless, not
even light can escape. Many modern
technologies involve the manipulation
of light. But as we get down to the
nanoscale, we bump up against a
fundamental constraint called the
diffraction limit: the resolution of the
instrument is determined by the
wavelength of the light. This con-
straint seems to preclude the study

of nanoscale features using long-
wavelength infrared light, even though
it is minimally invasive, works under
ambient conditions, and is an excellent
tool for chemical and molecular
identifications in both static and
dynamic systems.

So how do you “miniaturize” light? It
turns out that a sharp, metal-tipped,
nanosized probe can concentrate the
electric field of the light into an
extremely small spot. When the probe
is brought within a few nanometers of
the sample being studied, the focused
light can interact with the sample and
generate a signal that can be used to
image the sample with a resolution
beyond the diffraction limit. In this
study of hBN, Shi et al. achieved their
highest spectral bandwidth and
sensitivity compared to earlier
attempts that used laser and thermal
sources, allowing them to study hBN in
greater detail with greater sensitivity.

In earlier experiments at the ALS
using a laser as a source, the researchers
were able to study other low-dimensional
materials such as bilayer graphene and
carbon nanotubes. In the graphene, they
discovered topologically protected one-
dimensional electron-conducting channels
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used Beamline 5.4.1 to study phonon polaritons
in atomic-thickness boron nitride flakes.

at domain walls that were “valley polar-
ized,” a feature that could prove useful
in future quantum-computing devices.
In the carbon nanotubes, they were able
to directly observe “Luttinger liquid”
plasmons for the first time, with wave-
lengths only one hundredth the size of
the free-space photon wavelength, and
one of the strongest field-confinement
factors ever reported.

In this work on hBN, the researchers
used the ALS itself as a source of broad-
band IR light. The large spectral bandwidth
of the synchrotron beam enabled the
measurement of both out-of-plane (780
cm™) and in-plane (1370 cm™) hBN phonon
modes and the measurement of both
phase and amplitude simultaneously.
Synchrotron IR radiation is currently the
only source with the combined spectral
irradiance, spectral coverage, and high
repetition rate to measure near-field
spectra over the entire mid-IR range within
asingle acquisition. Other advantages
include minimal shot-to-shot fluctuations,
high long-term power stability, and excep-
tionally stable spectral distribution. These
advantages enable effective signal aver-
aging over minutes to hours, if necessary,
to improve the signal-to-noise ratio
because the near-field signal is much
weaker relative to the back-scattered
far-field background.

Several hBN specimens with thick-
nesses varying from 3 to 160 nm were
measured and analyzed. The results
showed that the in-plane phonon polariton
is much stronger than the out-of-plane
phonon polariton. More interestingly, the
polariton wavelength was found to be
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Phonon polariton dispersion and evolution of the in-plane phonon polariton wavelength with sample
thickness. SINS (A) amplitude and (B) phase data for samples with thicknesses of 7, 22, and 40 nm.
(C) Evolution of the in-plane phonon polariton wavelength with sample thickness d, at three repre-
sentative excitation frequencies: 1410, 1440, and 1470 cm™. For thin hBN flakes, A is proportional
to sample thickness. (D) Experimental (colored curves) and theoretical (black curves) dispersion
relations of in-plane phonon polaritons on hBN flakes with different thicknesses. The horizontal
dashed lines are the longitudinal and transverse phonon frequencies of hBN.

proportional to the sample thickness.

The researchers developed a simple theory
to describe this proportional dependence.
This simple model correctly predicts the
linear scaling behavior between phonon
polariton wavelength and sample thickness
for a given frequency in thin hBN crystals.

The researchers expect this simple model
to provide a good general description of
any two-dimensional polariton system,
including plasmon polaritons in graphene,
as well as phonon or exciton polaritons in
other ultrathin crystals.
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